As water supplies become strained, some municipalities have turned to reclaimed water as a potential source to meet non-potable needs. Such reclaimed water -wastewater effluent treated to appropriate quality standards -is not suitable for human consumption without additional treatment, but can be used for purposes such as irrigation and cooling. One reclaimed water distribution system of particular interest is at the University of Texas at Austin (UT), USA, which receives treated effluent from City of Austin wastewater treatment plants. Depending on the embedded energy of existing water sources, existing levels of wastewater treatment, and the extent of the relevant distribution network, water reuse can save energy and carbon emissions compared with conventional drinking water distribution systems, at the expense of higher capital costs. Our analysis uses EPANet modeling software and historical datasets to examine the embedded energy and carbon emissions in drinking water and reclaimed water for non-potable applications at UT. We then examine the overall economics of reclaimed water use, including capital and operating costs for a variety of amortization periods, financing costs, and externality costs using a levelized-cost of water methodology. This integrated analysis serves as the basis for developing principles of sustainable water reuse.
INTRODUCTION
In the context of increasing populations and climate change, many municipalities have pursued alternative water resources to fulfill growing water demand. At the same time, many of them are seeking to reduce their overall energy consumption and carbon emissions. Many alternative sources of water, such as long-haul transfer and Decisions regarding water systems overlap with management of energy resources. Water and energy are inextricably linked, and reclaimed water is no exception. Treating and pumping water and wastewater requires energy (Table 1 ).
This energy is generally in the form of electricity, but can also come from primary fuels, totaling over 12 quadrillion BTU of energy use for water in the USA (Twomey & Webber ) . Since a majority of the electricity in the USA is generated from fossil fuel sources, energy for water use has associated carbon emissions. As a result, changes to the water system can have important implications within the water-energy-carbon nexus. In particular, the energy embedded in drinking water increases with increasing distance and elevation change associated with source water collection and conveyance. As the energy associated with drinking water collection and conveyance increases, the energy savings associated with reclaimed water use generally increase also. For example, using locally-generated reclaimed water can save energy compared to using drinking water from distant supplies for non-potable applications. Distribution of reclaimed water can be more energy-intensive than the baseline drinking water distribution, but the collection and treatment of reclaimed water might consume less energy than collection and treatment of other alternative water supplies. Consequently, widespread use of reclaimed water in some cases could yield significant energy savings and avoided carbon emissions over both baseline conditions as well as over alternative water supply scenarios. However, the energy and carbon tradeoffs of reclaimed water are non-obvious and vary significantly for different water reuse distribution systems and geographic locations. Thus, there is a need for an integrated analytical approach to assessing the overall sustainability of reclaimed water use. This paper presents one pathway for filling that need.
Life-cycle assessment of alternative water supplies in Marin and San Diego counties in northern and southern California, respectively, reveals that reclaimed water requires less electricity than imported and desalinated water (Stokes & Horvath ) . When examining the entire water and wastewater system, life-cycle carbon dioxide equivalent (CO 2 e) emissions for reclaimed water are less than emissions from desalinated water and nearly equal or slightly higher than emissions from imported water depending on fugitive emissions associated with wastewater treatment (Stokes & Horvath ) . For the Marin and San Diego counties analysis, water reuse saves energy over desalination and imported water sources, but requires utilities to implement better practices elsewhere (for example, to avoid fugitive biogas leakage) to reduce carbon emissions as well.
In water and wastewater systems, treatment processes generally use less energy than pumping operations, both of which use significantly less energy than end-use water heating. Since reclaimed water is generally used in non-potable applications that require little, if any, additional treatment or end-use heating, the majority of the energy associated with water reuse is for pumping. Consequently, efficient distribution systems can reduce the overall energy and carbon footprint of a water system, which becomes important in the context of a potential price on carbon emissions. Previous work on single-and multi-objective optimization of water distribution systems shows that optimal design and operations can be highly sensitive to carbon prices. For example, higher carbon prices motivate larger distribution pipe diameters to reduce friction and thus reduce carbonderived electricity use (Wu et al. ) . Thus, putting a price on externalities can alter reclaimed water system design. Our research aims to combine these concepts of alternative water supply, energy consumption, CO 2 e emissions, and economic feasibility into a novel integrated analysis of reclaimed water use (using Austin, Texas, USA, Table 1 | Energy use for water and wastewater treatment increases with lower source water quality and higher treated effluent quality (Goldstein & Smith 2002; CEC 2005; Stillwell et al. 2011 
RECLAIMED WATER USE AT THE UNIVERSITY OF TEXAS
The University of Texas at Austin (UT) main campus is over 140 hectares and supports nearly 75,000 faculty, staff, and students (UT ). Total campus water use for all purposes has averaged 7.9 million L/d over the last 5 years. Reclaimed water on campus has been pursued to reduce the university's purchase of drinking water for use in non-potable applications. The installation of the reclaimed water purple pipe network on the UT campus was combined with installation of a new fire water main to reduce construction disruptions and minimize costs (Layton et al. Austin and UT are appropriate testbeds for our reclaimed water analysis for many reasons. High population density in the core urban district, which includes the UT campus, coupled with growing population, create a high demand for water (both potable and non-potable) in a relatively small geographic area. This water demand is for many different purposes -roughly 40% of which are outdoor non-potable uses -due to the diverse economic mix of academia, government, residential, commercial, and manufacturing. Additionally, Austin is large enough to be statistically relevant to other urban regions, yet small enough to model with access to complete data sets and an extensive knowledge base from decades of reclaimed water use. Since both the City of Austin and UT have access to capital to finance reclaimed water infrastructure, our analysis is also timely. While the analytical methodology will be demonstrated with UT and Austin as the geographic testbed, the authors expect that it will have applicability to other regions and water systems.
INTEGRATED ENERGY, CARBON, AND ECONOMIC ANALYSIS
To evaluate use of 6.2 million L/d of reclaimed water at UT and its implications within the water-energy-carbon nexus,
we completed an integrated analysis of the embedded energy, associated carbon emissions, and overall economics of the project.
Energy use for reclaimed water
Reclaimed water requires energy for sophisticated treatment of wastewater to produce high-quality effluent and for pumping during distribution. In many US cities, such as Austin, existing wastewater treatment is sufficient to produce suitable quality reclaimed water, but other situations might require new infrastructure for wastewater treatment only, or for an entire water and wastewater infrastructure.
Accounting for the energy embedded in reclaimed water depends on these existing conditions and how the system control volume boundary is drawn (Figure 2 ). Different control volumes will cause energy for different process steps to be included or excluded from the total energy embedded in reclaimed water.
When considering the entire life-cycle energy consumption (the solid line in Figure 2 ), the energy embedded in reclaimed water includes energy associated with drinking We estimated the energy embedded in reclaimed water use on the UT campus using EPANet software from the US Environmental Protection Agency. EPANet is a network modeling software that simulates water distribution systems using hydraulic properties and water quality data with userdefined water demand nodes and water sources linked by pipes and pumps. We modeled Austin's reclaimed water distribution system with the UT campus network, simulating water demand and distribution energy consumption at full That is, reclaimed water can be a net energy saver or consumer, depending on the energy embedded in reclaimed water, the final determination of which is within the uncertainty of this analysis for Austin. The energy embedded in the marginal liter of drinking water, however, might change in future years with stricter treatment standards or degraded source water quality. Nominally, this embedded energy would likely go higher, which would make reclaimed water a definitive net energy saver; however, these increases might be offset since Austin Water Utility is also actively identifying and mitigating inefficiencies in the existing distribution system. Furthermore, increased reclaimed water use at UT and elsewhere can introduce uncertain impacts to the energy for drinking water distribution. For example, as reclaimed water use displaces drinking water use, it is unclear whether energy needs for drinking water will decrease (because of lower volumes that are pumped)
or increase (because of sub-optimal pumping that will Austin will be positive or negative in the future is uncertain due to these variables, but trends suggest net energy savings. While reclaimed water might be net neutral in terms of energy for these particular conditions, water reuse is a preferred alternative water source for various reasons. When water reuse is compared to development of the marginal 'next' water source, reclaimed water use can become a net energy saver. If cities similar to Austin currently using surface water for drinking water met increasing water demand with groundwater instead, for instance, additional energy would be embedded in the drinking water supply due to groundwater pumping. Groundwater pumping from a depth of 37 m requires 0.14 kWh/1,000 L for source water collection (DOE ), while source water collection of surface water requires minimal energy investment. As a result, using groundwater for drinking water in Austin would make reclaimed water use a net energy saver -an estimated 0.13-0.15 kWh/1,000 L at groundwater depths of 37 m -in non-potable applications.
These energy savings increase as the energy embedded in drinking water increases through use of marginal water sources such as long-haul interbasin transfer and desalination.
Since reclaimed water directly offsets drinking water for nonpotable purposes, water reuse can avoid or delay development of such alternative marginal water sources. Additionally, reclaimed water quality matches well with most non-potable water uses, reserving high quality water for high-value purposes. In the context of climate change and population growth, reclaimed water also represents a reliable local water supply that is resistant to droughts. Notably, even in locations where reclaimed water might be a net energy consumer (for example in cities with comparatively low energy requirements for drinking water), these benefits might still be sufficient enough to motivate water reuse.
Carbon emissions associated with reclaimed water
Saving energy also avoids the carbon emissions associated with generation of electricity. Based on the current fuel mix from Austin Energy (Figure 4 ), the energy impacts of reclaimed water use will also impact carbon emissions from the natural gas and coal power plants that are used to provide a significant portion of the electricity for the treatment facilities. Since nearly one-third of Austin Energy's electricity generation is from natural gas, the average CO 2 e emissions rate is lower than if production were dominated by coal facilities. embedded in drinking water increases in the future due to stricter treatment standards, water reuse would become a definitive approach to avoiding increased carbon emissions.
Economics of non-potable water use
Cost estimates for installation of the reclaimed water distribution system on the UT campus were completed by Klotz Associates in 2009. Engineering estimates for the university connection to the city distribution system, including mobilization and contingency, total $1,270,000 (Klotz Associates ). The UT Utilities and Energy Management's additional investment for on-campus distribution pipe purchases, treatment, and miscellaneous equipment was $1,600,000, bringing the total capital investment to $2,870,000. We analyzed this capital cost estimate in terms of the overall payback period and levelized cost of water (LCOW) -accounting for capital, operating, and externality costs -to determine the profitability of reclaimed water use in non-potable applications.
Using the reclaimed water infrastructure capital cost estimate of $2,870,000 (Klotz Associates ) for use of 6.2 million L/d, the reclaimed water project on the UT campus has a 1.4 year simple payback period. That is, UT would recoup all capital investments after 1.4 years of using reclaimed water instead of drinking water in nonpotable applications. This payback period might be extended slightly, as it assumes full system build-out in the first year of operations; full use of 6.2 million L/d is not planned until following the first year.
Comparing alternatives in water resources planning and management -here, (1) the 'do nothing' scenario using drinking water versus (2) the reclaimed water scenariorequires capital cost to be annualized over the lifetime of the project such that annual savings and expenditures are directly comparable. We calculated annualized capital cost using Equation (1) below:
where A is the annualized capital cost ($/yr), P is the present capital cost ($), i is the annual interest rate, and N is the amortization period (yr) (based on Loucks & van Beek ). Using Equation (1), we directly compared the do nothing scenario using drinking water with the reclaimed water use scenario (Table 2) , for a range of annual interest rates and amortization periods. Current drinking water service rates for UT are $1.27/1,000 and $1.16/1,000 L for peak (July through October) and off-peak (November through June) use, respectively (Austin Water Utility ). Beyond simple economic comparison, we calculated the LCOW to combine the cost of water, capital investment, and externality expense into a single metric. This LCOW is adapted from the levelized cost of electricity measure commonly accepted in the energy sector (Masters ). The LCOW for drinking water and reclaimed water was calculated using Equation (2):
where IDC(i constr , N constr , A) ¼ A × i constr × N constr is interest during construction using the annual interest rate during construction i constr time of construction N constr (yr), and annual capital cost A ($/yr);
is the amortization factor for the construction period from Equation (1), AOM represents annual operations and maintenance costs ($/yr), and Q represents annual flow rate (L/yr). In Equation (2), costs of energy and externalities, such as a set price on carbon dioxide equivalent emissions, can be included in AOM and reflected in the resulting LCOW.
Using Equation (2), we calculated LCOW for drinking water and reclaimed water (Table 2) a Based on an average of peak (July through October) and off-peak (November through June) rates of $1.27 and $1.16 per 1,000 L (Austin Water Utility 2010) and assumed to remain constant over the project lifetime. b Calculated using Equation (2). Drinking water LCOW assumes cost of additional energy and associated carbon emissions (at $50/metric ton CO2e) are passed on directly to the consumer.
Interest during construction is assumed to have a 3% annual rate for the 1 year construction period. c Calculated using $2,870,000 capital cost and Equation (1) (based on Loucks & van Beek 2005) .
d Based on the approved reclaimed water rate of $0.30 per 1,000 L (Austin Water Utility 2010) and assumed to remain constant over the project lifetime.
e Presented numbers might not sum exactly due to rounding.
Since the LCOW for drinking water exceeds that of reclaimed water, we again conclude that reclaimed water use is economically feasible at UT in Austin, regardless of any remaining potential savings of energy and carbon. Ranging from $0.36 to $0.47/1,000 L, the LCOW for reclaimed water is greater than the current City of Austin rate for reclaimed water service of $0.30/1,000 L (Austin Water Utility ). This finding supports the acknowledgment from Austin Water Utility that the full cost of reclaimed water service is not recovered under the current rate structure.
Reasons for discounted reclaimed water rates include encouraging water reuse and reducing or delaying the need for development of additional drinking water supplies and treatment facilities. In a recent survey regarding water reuse, a majority of responding water utilities indicated that less than 25% of annual operating costs for reclaimed water service were recovered in the price of reclaimed water (AWWA ). Notably, if reclaimed water service rates were equal to the cost of service, most reclaimed rates would exceed drinking water rates, thus discouraging water reuse (AWWA ). 
DISCUSSION OF REGIONAL IMPLICATIONS OF RECLAIMED WATER USE
The energy implications of reclaimed water projects vary a great deal regionally as the anticipated benefits or costs are very dependent on factors such as freshwater availability and regional topography. Water-scarce regions are more likely to benefit from water reuse projects than those that have an abundance of freshwater, since these regions are more likely to require alternative water supplies to meet water demand. These alternatives, which might include desalination, interbasin transfer, and deep groundwater pumping, typically require more energy than local water sources, and in many cases, more energy than reclaimed water. Thus, many water-scarce areas of the USA, such as All costs are generally not recovered with reclaimed water service rates, as discussed previously, but reclaimed water rates must be less than drinking water rates to encourage water reuse. As a result, cities with large non-potable water use and high existing drinking water rates might be better suited to water reuse projects.
PRINCIPLES OF SUSTAINABLE WATER REUSE
Sample circumstances that make water reuse projects more or less sustainable are listed in Table 3 . Use of reclaimed water presents vast potential for positive sustainability impacts within the water-energy-carbon nexus. Reclaimed water use reduces drinking water withdrawals and preserves supplies for potable purposes by meeting a portion of the non-potable water demand. Additionally, depending on the energy and carbon embedded in a particular water source, reclaimed water can save both energy and carbon by avoiding sophisticated drinking water treatment when lower quality water is well-suited for a particular purpose. While reclaimed water distribution systems require energy for pumping, this energy investment can offset the energy required for the next increment of drinking water, 
POLICY IMPLICATIONS

